A bio-inspiredpackage has been developedfor encapsulating an underwater, iron-gallium nanowire, acoustic sensor. The package, based on the hearing mechanisms in aquatic animals, will ensure reliability in the underwater environment, t while not interfering with the transmission ofsound. The package is designed to contain the nanowire sensor in afluid medium, leaving the wiresfree to move. Materials matching the acoustic impedance ofseawater are incorporated to allow sound to penetrate the package with little or no attentuation. Acoustic properties ofvarious materials were investigatedfor this application. A fabrication process for the package is presented. Thefabrication incorporates a room temperature solderingprocess that will not harm the sensor during the bonding ofpackage components.
Introduction
Nanowires are small columns of metal with diameters on the order of 1-100 nm that are grown in arrays such as that shown in figure 1 . In this study, a sensor is discussed that uses an array of magnetostrictive [1, 2] iron-gallium nanowires to mimic the cilia inside a human ear. In this sensor structure, shown in figure 2, these arrays of nanowires are free to interact with incoming sound waves [3] . The sound waves induce bending of the nanowires which create magnetic fields. The changes in magnetic field are sensed using giant magnetoresistor (GMR) sensors, shown in Figure 3 , positioned at the nanowire base. The advantage of the sensor design is that nanowires of varying lengths and diameters can be positioned over one GMR sensor giving large bandwidth sensing capabilities. The nanowire arrays are fabricated by electrochemically depositing the iron-gallium alloy into the pores of an alumina template. The alumina template is then etched back to expose the cantilevered nanowires [4] .
The focus of this work is developing a package for this nanowire sensor that ensures proper functioning and reliability in an underwater environment.
This requires resistance to environmental degradation while limiting signal attenuation. Figure 3 . A (GMR sensor on a silicon die.
Human cilia are contained in a fluid medium inside the cochlea. Sound is required to be transferred from the air environment into the fluid medium where the sensing takes place by a complex series of membranes and structures. Because this package is intended for underwater applications, the design is based on the hearing of fish and other aquatic animals which are already in a fluid environment. They allow sound to pass from the water through their bodies to be sensed by their hearing organs [5] . Likewise, the package must allow sound to pass through to the nanowire sensor while having a minimal effect on the signal. To do this, acoustic impedance matching materials are incorporated in a package fabricated with MEMS techniques.
Package Design
The nanowires must be able to move and respond to the sound. This eliminates the use of a typical plastic encapsulant that restricts movement. While a hermetically sealed enclosure would leave the nanowires free to move, it would not allow sound to reach them, as the sound would be reflected by the air/vacuum in the package. Therefore, the package is designed to hold the nanowires inside a fluidfilled cavity. The cavity will be sealed off with an acoustically transparent window that will allow sound to reach the sensor, as shown in Figure 4 . Material selection for the acoustic window and filler fluid is critical. Both must match the acoustic impedance of seawater to minimize loss due to sound wave reflection at material interfaces.
Fabrication of the package begins with a silicon substrate. A cavity is etched with KOH into the substrate. The nanowire sensor is then bonded in place. A room temperature soldering method is used to bond a glass lid to the silicon substrate. Using anodic bonding or soldering in a reflow oven would subject the sensor to high temperatures. In order avoid this, NanofoilTM. is used to make the joint. A spark from a power source starts a self-propagating exothermic reaction in this foil that supplies enough heat to melt the solder but does not subject the rest of the package to high temperatures [7] . To create the solder joint, a 60 pim thick piece of NanoFoilTM is placed between two solder performs. The three layers are then sandwiched between the two surfaces to be soldered. In this case, it was the glass lid and silicon substrate. The surfaces on both the lid and substrate had Cr-Au metallization to enhance solder wetting. A 0.7 MPa pressure was applied to the stack with a weight, and the foil was ignited. Figure 5 shows a drawing of the solder joint and Figure 6 shows a picture of the actual etched cavities. Once the lid is bonded, the window material can be molded into place and the cavity filled with fluid. The acoustic impedance (Z) of a material is the product of the density (p) and the acoustic wave speed within the material (c).
2006 Electronics Systemintegration Technology Conference Dresden, Germany l Z pC (1) A scanning acoustic microscope (SAM) was used to find the acoustic properties of candidate materials for the window material and filler fluid. A test setup was created to hold a layer of the material at a set thickness. The SAM, used in pulse-echo mode, sends an acoustic pulse at the sample and records any reflections sent back to the transducer. The acoustic wave speed in the material was determined by measuring the time between reflections. Castor oil was selected for the filler fluid and polyurethane rubber for the window material, as they had the closest match to seawater and were selected for further investigation and incorporation into the package design. Figure 7 . The enclosure was filled with castor oil and sealed, and then the entire package was over-molded in polyurethane, as shown in Figure 8 . To investigate the effects of the stainless steel housing on the signal attenuation, a second all polyurethane package was also fabricated. Early results showed that the stainless steel package exhibited high losses at low frequencies. This may have been caused by the acoustic impedance of the stainless enclosure. As a result, a base and lid were molded entirely out of polyurethane, as shown in Figure 9 . The microphone was molded to the lid and the base was filled with castor oil before sealing. Figure 10 , consisted of a water tank with a sonic transducer fixed to one wall. The other end of the transducer was bolted to a counter mass. The transducer was driven at frequencies from 300 Hz to 5 kHz, which is the rated frequency range for the commercial microphone. To compare the performance of the two microphones, the peak to peak (Vpp) voltages from the packaged microphone and the unpackaged reference microphone were compared.
The tests were performed with both the stainless steel and all polyurethane test packages. The acoustic test package using the stainless steel housing was fabricated and tested first. Results in figure 11 show an average loss of -24 dB above a frequency of 2 kHz. Below 2 kHz, the loss increases as frequency decreases. At 300 Hz, the lowest frequency tested, the loss was measured at -51 dB. The purpose of the all polyurethane package was to improve loss, and remove the effects caused by the metal structure. As noted in the figure, the all polyurethane package not only had better performance at low frequencies, but had improved performance over the entire test range. The average loss from 300 Hz to 5 kHz was -4.7 dB.
Future Testing
To further study the reliability of the package, a test package is being fabricated to measure the salt permeation inside the package, as shown in Figure  12 . Electrodes will be sealed in the cavity and used to measure the change in conductivity of the fluid medium. This change in conductivity will be related to the salt permeation. Moisture and salt ions are detrimental to the reliability of the sensor because it will aid in the corrosion of the nanowires and possibly short out electrical contacts within the package.
Gold electrodes for measuring conductivity Figure 112 . The salt permeation test package.
Conclusions
A package design based on the hearing of aquatic animals was developed for an iron-gallium nanowire acoustic sensor. The design incorporates impedance matched materials to protect the sensor from the harsh underwater environment while still allowing sound to reach the sensor. Materials were selected for an acoustic window and filler fluid based on their acoustic properties. Acoustic testing results show an average loss of -4.7 dB from 300 Hz to 5 kHz for an all polyurethane rubber package filled with castor oil.
